The 3p21.3 tumour suppressor gene (TSG) RASSF1A is inactivated predominantly by promoter methylation and rarely by somatic mutations. Recently we demonstrated that epigenetic inactivation of RASSF1A is frequent in both clear cell and papillary adult renal cell carcinomas (even though 3p21.3 allele loss is rare in papillary tumours). Wilms' tumour is the most common childhood kidney tumour, but relatively little is known about its molecular pathogenesis. Thus TSGs such as WT1, p16(CDKN2a) and p53 are inactivated in only a minority of cases. In view of the involvement of RASSF1A in adult renal cancers we investigated RASSF1A as a candidate Wilms' TSG. We detected RASSF1A hypermethylation in 21 of 39 (54%) primary Wilms' tumours. 3p21.3 allele loss was not detected in nine informative Wilms' tumours (five with RASSF1A methylation). In contrast to RASSF1A, only a minority (10.3%) of Wilms' tumours demonstrated p16 promoter methylation. As chromosome 3p allele loss is frequent in colorectal cancer, we proceeded to investigate RASSF1A promoter methylation in colorectal cancer and detected RASSF1A methylation in 80% (4/5) colorectal cancer cell lines and 45% (13/29) primary colorectal cancers. There was no correlation between RASSF1A and p16 methylation in colorectal cancer. We have demonstrated that RASSF1A inactivation is the most frequent genetic or epigenetic event yet reported in Wilms' tumourigenesis and that allelotyping studies may fail to identify regions containing important TSGs.
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Introduction
Alteration in genomic methylation is now established as an important mechanism in the pathogenesis of human cancers. Most commonly, methylation promotes tumourigenesis by promotor methylation and transcriptional silencing of tumour suppressor genes such as p16, CDH1and VHL Jones, 1999; Tycko, 2000; Costello and Plass, 2001 and references within). However, promoter methylation may also provoke genomic instability by epigenetic inactivation of mismatch repair genes such as MLH1 (Kane et al., 1997; Herman et al., 1998) . In addition, alterations in methylation may also promote tumourigenesis through altered expression of oncogenes. Thus the methylation of regulatory elements may result in abnormal biallelic expression of the imprinted growth promoter insulin-like growth factor 2 (IGF2) (and silencing of expression of the closely linked H19 gene) in human cancers such as Wilms' tumour and colorectal cancer (Steenman et al., 1994; Cui et al., 1998) . Initial studies of genes such as VHL and RB1 suggested that inactivation of tumour suppressor genes by promoter methylation was a less frequent mechanism of inactivation than somatic mutations (Herman et al., 1994; Stirzaker et al., 1997) . However, it is now recognized that for some tumour suppressor genes, such as RASSF1A, promoter methylation is the major mechanism of inactivation (Dammann et al., 2000; Agathanggelou et al., 2001 , Burbee et al., 2001 . Furthermore, although allele loss and de novo methylation often account for the 'two hits' resulting in tumour suppressor gene inactivation, methylation can also occur commonly at loci at which allele loss is rare (e.g. RASSF1A methylation in papillary RCC (Morrissey et al., 2001) .
The short arm of chromosome 3 contains multiple TSGs and 3p allele loss is a frequent finding in many human cancer types. In addition to the VHL and FHIT TSGs at 3p25 and 3p14 respectively, we and others have reported recently that the 3p21.3 TSG, RASS-F1A, is methylated in many tumour types including lung, breast and renal cancers (Dammann et Agathanggelou et al., 2001; Burbee et al., 2001; Morrissey et al., 2001) .
Wilms' tumour is the most common childhood kidney tumour and is thought to be derived from primitive nephroblasts. Colorectal cancer is the second most common adult cancer in the Western world. Alterations in genomic methylation have been implicated in the pathogenesis of both tumour types, although Wilms' tumour has been investigated much less frequently. Thus, alterations in methylation affecting IGF2 and H19 are well described in Wilms' tumour and recently p16 (CDKN2a) promoter methylation was described in some tumours (Steenman et al., 1994; Arcellana-Panlilio et al., 2000) . Changes in genomic methylation in colorectal cancer have been the subject of intense enquiry. In particular, a subgroup of colorectal cancers is reported to demonstrate a methylator phenotype with frequent promoter methylation of TSGs such as p16, MLH1, CDH1 and hypermethylation of IGF2/H19 (Toyota et al., 1999) . Chromosome 3p allele loss is frequent in colorectal cancer, but VHL inactivation appears to be rare and the involvement of FHIT is variable (Thiagalingam et al., 1996; Hao et al., 2000) . Consequently we wished to investigate RASSF1A as a candidate colorectal cancer TSG. In addition, as epigenetic silencing of RASSF1A is frequent in adult renal cancers (including papillary RCC in which 3p allele loss is rare) we also investigated RASSF1A status in Wilms' tumour. Furthermore we sought to investigate the relationship between RASSF1A promoter methylation and methylation of other genes (e.g. p16 and H19) in Wilms' tumours and colorectal cancers.
RASSF1A methylation status in Wilms' tumour
Twenty-one of 39 (54%) primary Wilms' tumours demonstrated RASSF1A hypermethylation by methylation specific PCR (MSP) ( Figure 1a ). To confirm the presence of promoter hypermethylation and to determine the precise pattern of CpG methylation Figure 1 Representative results of bisulphite -PCR methylation analysis of RASSF1A in Wilms' tumours. Tumour and normal DNA were treated with sodium bisulphite, amplified using specific primers and conditions as reported previously . (a) RASSF1A MSP on tumours 11 and 32, revealing that both tumours contain unmethylated RASSF1A promoter alleles (U lanes), but tumour 11 (and not tumour 32) also contains methylated RASSF1A promoter alleles (M lanes). (b) Representation of sequencing data from RASSF1A methylated PCR product, indicating number of tumours found to possess each of several different patterns of CpG methylation. (c) Loss of heterozygosity analysis at 3p21.3 was determined using the D3S4604 microsatellite marker (with primers and conditions as described in Agathanggelou et al., 2001) . Alleles were separated through denaturing 7% polyacrylamide gels and silver stained. (25) and one pair with loss of heterozygosity at this location (30) within the RASSF1A CpG island we directly sequenced the methylated fragment from each of the 21 Wilms' tumours with RASSF1A methylation from nucleotide 7110 bp to +41 bp after sodium bisulphite modification. Eight tumour samples demonstrated methylation of all 16 CpGs within the amplified fragment and seven had complete methylation at 15 of 16 CpGs (in each case partial methylation was detected at CpG 8 (see Figure 1b) ). Two samples demonstrated complete methylation of 13 of 16 CpGs and partial methylation at CpGs 4 and 8 plus one other CpG. Another sample showed complete methylation of 14 CpGs, with partial methylation of CpG 9 and was completely unmethylated at CpG 8. Most tumours (19/24) with RASSF1A methylation also contained unmethylated RASSF1A alleles which might be attributable to the presence of contaminating normal tissue (tumour samples were not microdissected). Corresponding normal tissue DNA was available for 13 tumours with RASSF1A methylation. No RASSF1A methylation was detected in the matched blood (n=4) and normal kidney (n=7) DNA samples for 11 of the 13 cases. However in two cases normal tissue RASSF1A methylation was detected: (a) in one case the normal kidney DNA demonstrated unmethylated and methylated RASSF1A alleles, whereas the tumour DNA was completely methylated and (b) in another case both tumour and normal kidney DNA demonstrated partial RASSF1A methylation.
Clinical information on tumour stage was available for 32 Wilms' tumours (WTs). The frequency of RASSF1A methylation, 68% (13/19), was higher in more advanced stage 3 and 4 tumours than in stage 1 and 2 tumours (50%, 7/14, P=0.47) but this was not significantly different. Seven patients relapsed following treatment of the primary tumour, however the frequency of RASSF1A methylation in these primary tumours (57%) was similar to the overall frequency of RASSF1A methylation in Wilms' tumour.
Nine Wilms' tumours were informative for 3p allele loss studies at D3S4604 (see Figure 1C) , however none showed evidence of 3p allele loss (5/9 had RASSF1A methylation).
To confirm that RASSF1A is expressed in foetal kidney RT -PCR analysis of RASSF1A transcript expression was undertaken in human foetal tissue samples and demonstrated similar levels of RASSF1A transcript in human foetal kidney, lung, brain, liver and heart (see Figure 3b) .
Relationship between RASSF1A, H19 and p16 (CDKN2a) methylation status in Wilms' tumours We investigated the relationship between RASSF1A methylation in WT and p16 and H19 methylation. Four of 39 (10.3%) Wilms' tumours demonstrated p16 promoter methylation (Figure 2a) . The frequency of p16 methylation in Wilm's tumours with RASSF1A methylation was not different to that in tumours without RASSF1A methylation (3/21 versus 1/18 respectively). p16 methylation was detected in 7% (1/ 14) stage 1 and 2 tumours, 15.4% (2/13) stage 3 tumours and 25% (1/4) stage 4 tumours.
Twenty-five of 39 WTs were informative for assessment of 11p15.5 allele loss, and 19 demonstrated no allele loss. The frequency of RASSF1A methylation in tumours without 11p LOH was higher than in those tumours with 11p allele loss (15/19 (79%) and 2/6 (33%) respectively) but this difference did not quite reach statistical significance (P=0.06). Analysis of H19 promoter methylation in 19 WTs without 11p15.5 allele loss demonstrated an abnormal biallelic methylation pattern in five tumours (Figure 2b ). There was no association between RASSF1A methylation and H19 hypermethylation: the frequency of RASSF1A methylation in Wilms' tumours without 11p allele loss and normal H19 methylation pattern was 71% (10/14) compared to 80% (4/5) in tumours with H19 hypermethylation. Figure 2 Examination of methylation status at p16 and H19 promoter regions in Wilms' tumours. (a) p16 methylation-specific PCR was performed using conditions and primer pairs for methylated and unmethylated sequences as described by Herman et al. (1996) . 
RASSF1A methylation in colorectal cancer
We detected RASSF1A promoter methylation in 13 of 29 (45%) primary colorectal cancers and four of five colorectal cancer cell lines analysed. RASSF1A methylation was also detected in four of 11 matching normal colorectal mucosa samples available for tumours with RASSF1A methylation.
The RASSF1A methylated fragments amplified from 10 colorectal cancers and four normal tissue samples were sequenced. Five of the 10 tumour and one of four normal tissue RASSF1A methylated fragments demonstrated methylation at all 16 CpGs. The remaining tumour and normal samples methylated RASSF1A fragments amplified were completely methylated at a minimum of 12 of the 16 CpGs.
We investigated whether RASSF1A methylation correlated with TNM status, but did not detect any significant associations. Fifteen colorectal cancers were informative for 3p allele loss studies at D3S4604, and 2/15 demonstrated 3p allele loss (0/2 with and 4/13 without 3p21 allele loss had RASSF1A methylation).
Relationship between RASSF1A, H19 and p16 methylation status in colorectal cancer
We investigated the relationship between RASSF1A and p16 methylation in colorectal cancer. Six of 29 (21%) primary colorectal cancers and 5/6 colorectal cancer cell lines demonstrated p16 promoter methylation. The frequency of p16 methylation in primary colorectal cancers with RASSF1A methylation was similar to that in tumours without RASSF1A methylation (2/13 versus 4/16 respectively).
RASSF1A methylation and expression in colorectal cancer cell lines
To confirm that RASSF1A promoter methylation is associated with reduced transcription, the colorectal cancer cell line SW48 was treated with demethylating agent 5' aza-2deoxy-cytidine for 5 days. RASSF1A expression increased after 5' aza-2deoxy-cytidine treatment while there was no change in expression of RASSF1C (previous studies have demonstrated that the RASSF1 isoform C is widely expressed and not susceptible to methylation silencing) (Figure 3a) .
Epigenetic silencing of RASSF1A in Wilms' tumour and colorectal cancer
We have demonstrated that RASSF1A promoter methylation is frequent in both Wilms' tumour and colorectal cancer. Although epigenetic silencing of tumour suppressor genes is a common and important event in many human cancer types (Costello and Plass, 2001) , the role of epigenetic events in Wilms' tumour has not been investigated extensively. Thus, although hypermethylation of the H19 promoter associated with loss of imprinting (and biallelic expression) of IGF2 is well described (Steenman et al., 1994) , there are few studies of tumour suppressor gene methylation in Wilms' tumours. Recently, Arcellana-Panlilio et al. (2000) reported p16 methylation in 23% of Wilms' tumours, although the frequency varied from *10% of stage 1 tumours to 40% of stage IV tumours. We detected p16 methylation in *10% of Wilms' tumours and the frequency of p16 methylation increased with advanced tumour stage. However, the frequency of p16 methylation in Wilms' tumours was much lower than that for RASSF1A methylation. We and others have demonstrated previously that RASSF1A promoter methylation is associated with loss of mRNA expression in a variety of cancer cells (Dammann et al., 2000; Agathanggelou et al., 2001; Burbee et al., 2001; Morrissey et al., 2001) . Furthermore, RASSF1A suppresses the growth of tumour cell lines in both in vivo and in vitro studies (Dammann et al., 2000; Burbee et al., 2001) . As WT1 inactivation occurs in only a minority of sporadic WTs (Davies et al., 1999; Lee and Haber, 2001 ) and p53 mutations are uncommon (Waber et al., 1993; Bardeesy et al., 1994) , epigenetic inactivation of RASSF1A is the most frequent cause of tumour suppressor gene inactivation yet described in Wilms' tumour. In a subset of patients with Wilms' tumour and H19 hypermethylation, the H19 epimutation can also be detected in the non-neoplastic renal parenchyma (Moulton et al., 1994; Okamoto et al., 1997) . We found that in most cases RASSF1A Figure 3 Analysis of RASSF1A expression using RT -PCR. Reverse transcription PCR was carried out as reported previously . (a) RASSF1A expression in colorectal cancer cell line SW48 before and after treatment with 5 mM 5' aza2deoxy-cytidine (Sigma) for 5 days. U -RT -PCR on cDNA from untreated cells. T -RT -PCR on cDNA from cells treated with 5' azacytidine. RASSF1A expression can be seen to increase after treatment. As a control we also assayed levels of the shorter RASSF1 isoform (C) which is not susceptible to methylation (Burbee et al., 2001) . The band intensities on an ethidium bromide stained agarose gel were determined by photographing the gel using a BioDoc-It system (UVP) and quantified using Scion Image for Windows to determine when the log of the intensity was proportional to the number of cycles i.e. to ensure that the PCR was in the exponential phase of amplification. For RASS-F1A, the cycle number used was 36 and for RASSF1C it was 33. (b) RASSF1A expression in human foetal tissues of approximately 8 weeks gestational age (Richards et al., 1996) methylation was restricted to tumour tissue, however in one case the adjacent renal parenchyma was mosaic for RASSF1A methylation while the tumour was completely methylated. In this case RASSF1A methylation may have been an early event in Wilms' tumour precursor cells (although contamination of normal tissue with cancer cells cannot be excluded completely). For certain tumours, such as colorectal cancer, a subset of tumours display frequent methylation of many genes (methylator phenotype) (Toyota et al., 1999) . We found a higher frequency of p16 methylation in tumours with RASSF1A methylation than those without RASSF1A methylation. However this association was not statistically significant and larger studies are required to determine if this association is real and indicative of a methylator phenotype in a subset of Wilms' tumours.
Although the presence of homozygous deletions in lung and breast cancer defined the critical region from which RASSF1A was isolated (Lerman and Minna, 2000) , RASSF1A methylation has been detected frequently in tumour types in which 3p21 allele loss is common (e.g. small cell lung cancer, clear cell renal cell carcinoma) or rare (e.g. papillary renal cell carcinoma (Dammann et al., 2000; Burbee et al., 2001; Morrissey et al., 2001) . Thus, as illustrated by RASSF1A involvement in Wilms tumour, allelotyping studies may fail to identify regions containing important TSGs.
The RASSF1 gene has several major isoforms due to alternative splicing and promoter usage, but epigenetic silencing of the longer isoform, RASSF1A, is specifically associated with cancer. The RASSF1A 39 KDa predicted peptide contains a RAS association domain, a diacylglycerol (DAG) binding domain and a region that is a putative substrate for ATM phosphorylation (Vos et al., 2000) . In both in vitro and in vivo studies RASSF1 was reported to be an effector of RAS (Vos et al., 2000) . The finding of frequent RASSF1A inactivation in lung cancers is consistent with previous reports implicating mutations or alterations in activity of the RAS signal transduction pathways in the pathogenesis of these tumours (Dammann et al., 2000; Agathanggelou et al., 2001) . In contrast, RAS mutations are reported to be rare in Wilms' tumour (Waber et al., 1993) , although WT1 has been suggested to suppress ras-mediated transformation in NIH3T3 cells (Luo et al., 1995) . The finding of frequent RASSF1A inactivation in Wilms tumour offers possibilities for developing novel therapeutic interventions targeted at reversing RASSF1A silencing or the downstream consequences of RASSF1A inactivation. It is interesting to note that although the molecular genetics of Wilms' tumour, clear cell and papillary RCC differ considerably, epigenetic inactivation of RASSF1A is common to all three tumour types.
We detected RASSF1A methylation in 45% of primary colorectal cancers and 80% of colorectal cancer cell lines. For 36% of the primary colorectal cancers with RASSF1A methylation, methylation was also detected in the corresponding non-neoplastic colon tissue. Tissue-specific variations in gene methylation status are well recognized, and the frequency of gene methylation in normal colonic mucosa may increase with age (Issa et al., 1996; Ahuja et al., 1998; Pao et al., 2001) . Although one explanation for RASSF1A methylation in normal tissue would be contamination by tumour cells, it has also been suggested gene methylation in normal tissues may be part of a premalignant 'field change'. An intriguing possibility is that methylation of RASSF1A in colonic tissue might be a marker for tumour susceptibility but further studies (including analysis of colonic DNA samples from a group of age-matched controls with normal colonoscopy) would be required to investigate this. Recently, van Engeland et al. (2002) also reported frequent RASSF1A methylation (20%) in sporadic colorectal cancers and detected an inverse relationship between the presence of K-ras mutations and RASS-F1A methylation in colorectal cancers.
